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The RIT numerical relativity group is releasing a public catalog of black-hole-binary waveforms.
The initial release of the catalog consists of 126 recent simulations that include precessing and non
precessing systems with mass ratios q = m1/m2 in the range 1/6 ≤ q ≤ 1. The catalog contains
information about the initial data of the simulation, the waveforms extrapolated to infinity, as well
as information about the peak luminosity and final remnant black hole properties. These waveforms
can be used to independently interpret gravitational wave signals from laser interferometric detectors
and the remnant properties to model the merger of binary black holes from initial configurations.
PACS numbers: 04.25.dg, 04.25.Nx, 04.30.Db, 04.70.Bw
I. INTRODUCTION
The breakthroughs [1–3] in numerical relativity al-
lowed numerical relativists to make detailed predictions
for the gravitational waves from the latest inspiral,
plunge, merger and ringdown of black hole binary sys-
tems (BHB). Numerical relativity predictions were con-
firmed by the first direct detection [4] of gravitational
waves from such binary systems [5–7] and by its com-
parison to targeted runs [8, 9]. Those observations are
consistent with general relativity as the correct theory
for gravity as discussed in [7, 10].
The RIT group has been using numerical relativity
techniques to explore the late dynamics of spinning black-
hole binaries, beyond the post-Newtonian regime for
many years. This includes simulations of the first generic,
long-term precessing binary black hole evolution without
any symmetry were performed in Ref. [11], where a de-
tailed comparison with post-Newtonian ` = 2, 3 wave-
forms was made, as well as studies of the hangup, i.e.
the role individual black hole spins play to delay or ac-
celerate their merger [12], the determination of the mag-
nitude and direction of the recoil velocity of the final
merged black hole [13–15], and the flip-flop of individual
spins during the orbital phase [16–18]. Other numerical
simulations have also explored the corners of parameter
space, such as mass ratios q = 1/100 in Ref. [19], and
larger initial separations R = 100M in [20]. And also
near extremal χ = 0.994 spinning black hole binaries in
[21] by the SXS collaboration.
There have been several significant efforts to coordi-
nate numerical relativity simulations to support gravita-
tional wave observations. These include the numerical
injection analysis (NINJA) project [22–25], the numeri-
cal relativity and analytical relativity (NRAR) collabo-
ration [26], and the waveform catalogs released by the
simulating extreme spacetimes (SXS) collaboration [27]
and Georgia Tech. [28].
The paper is organized as follows. Section II describe
the methods and criteria for producing the numerical
simulations. We next describe in Sec. III the use and
content of the data in the public catalog. We conclude
with a discussion in Sec. IV of the use and potential ex-
tensions to this work to precessing binaries.
II. FULL NUMERICAL EVOLUTIONS
The runs in the RIT Catalog were evolved using the
LazEv [29] implementation of the moving puncture ap-
proach [2] with the conformal function W =
√
χ =
exp(−2φ) suggested by Ref. [30]. In all cases we use
the BSSNOK (Baumgarte-Shapiro-Shibata-Nakamura-
Oohara-Kojima) family of evolutions systems [31–33].
For the runs in the catalog, we used a variety of finite-
difference orders, Kreiss-Oliger dissipation orders, and
Courant factors [34–36]. Note that we do not upwind
the advection terms. All of these are given in the meta-
data included in the catalog and the references associated
with each run.
The LazEv code uses the EinsteinToolkit [37, 38] /
Cactus [39] / Carpet [40] infrastructure. The Carpet
mesh refinement driver provides a “moving boxes” style
of mesh refinement. In this approach, refined grids of
fixed size are arranged about the coordinate centers of
both holes. The Carpet code then moves these fine
grids about the computational domain by following the
trajectories of the two BHs.
We use AHFinderDirect [41] to locate apparent
horizons. We measure the magnitude of the horizon
spin using the isolated horizon (IH) algorithm detailed
in Ref. [42] and as implemented in Ref. [43]. Note
that once we have the horizon spin, we can calculate
the horizon mass via the Christodoulou formula mH =√
m2irr + S
2
H/(4m
2
irr) , where mirr =
√
A/(16pi), A is the
surface area of the horizon, and SH is the spin angular
momentum of the BH (in units of M2). In the tables
below, we use the variation in the measured horizon irre-
ducible mass and spin during the simulation as a measure
of the error in computing these quantities, since the lev-
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2els of gravitational wave energy and momentum absorbed
by the holes is orders of magnitude smaller. We measure
radiated energy, linear momentum, and angular momen-
tum, in terms of the radiative Weyl Scalar ψ4, using the
formulas provided in Refs. [44, 45]. However, rather than
using the full ψ4, we decompose it into ` and m modes
and solve for the radiated linear momentum, dropping
terms with ` > 6. The formulas in Refs. [44, 45] are valid
at r = ∞. We extract the radiated energy-momentum
at finite radius and extrapolate to r = ∞. We find that
the new perturbative extrapolation described in Ref. [46]
provides the most accurate waveforms. While the differ-
ence of fitting both linear and quadratic extrapolations
provides an independent measure of the error. Studies
of the finite difference errors, and verification that the
waveforms provided in this catalog are computed at a
numerical resolution in the convergence regime can be
found in the appendices of Refs. [47] and [36]. Although
higher multipoles modes [beyond (`,m) = (2,±2)] are
not provided in the catalog for the sake of simplicity,
they are used (typically up to ` = 4 or ` = 6) in the com-
putation of radiative quantities such as the energy and
linear and angular momenta.
To compute the initial low eccentricity orbital param-
eters we use the post-Newtonian techniques described
in [48]. To compute the numerical initial data, we use
the puncture approach [49] along with the TwoPunc-
tures [50] thorn.
We measure the distance between the two BHs using
the simple proper distance or SPD. The SPD is the proper
distance, on a given spatial slice, between the two BH
apparent horizons as measured along the coordinate line
joining the two centers. As such, it is gauge dependent,
but still gives reasonable results (see Ref. [20] for more
details).
III. CATALOG
The RIT Catalog can be found at http://ccrg.rit.
edu/~RITCatalog. Figure 1 shows the distribution of
non-precessing runs in the catalog in terms of χ12 and
q (χ here is the z-component of the dimensionless spin).
The information currently in the catalog consists of the
metadata describing the runs and (` = 2,m = ±2) modes
of rψ4. The extrapolations of rψ4 to r = ∞ are per-
formed using the perturbative approach of [46]. The
associated metadata include the initial orbital frequen-
cies, ADM masses, initial waveform frequencies, black
hole masses, momenta, spins, separations, and eccentric-
ities, as well the black-hole masses and spins once the
initial burst of radiation has left the region around the
binary. These relaxed quantities are more accurate for
modeling purposes than the initial masses and spins. In
addition, we also include the final remnant masses and
spins.
The catalog is organized using an interactive table that
includes an identification number, resolution, type of run
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FIG. 1. Initial parameters in the (q, χ1, χ2) space for the 120
nonprecessing binaries. Each mass ratio is given a different
color: blue triangles(q = 1.00), pink plus (q = 0.82), red
crosses (q = 3/4), green stars (q = 1/2), purple squares (q =
1/3), light green full squares (q = 1/4), orange circles(q =
1/5), and brown full circles (q = 1/6). Nonspinning runs are
black full circles.
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FIG. 2. Initial parameters in the (q, χ1, χ2) plane for the 120
nonprecessing binaries. Note that here q = m1/m2 < 1.
(nonspinning, aligned spins, precessing), the initial sim-
ple proper distance between the two black holes, the
coordinate separation, the mass ratio of the two black
holes, the components of the dimensionless spins of the
two black holes, the starting waveform frequency, time
to merger, number of gravitational wave cycles, remnant
mass, remnant spin, recoil velocity, and peak luminos-
ity. The final column gives the appropriate bibtex keys
for the relevant publications where the waveforms were
first presented. The table can be sorted (ascending or
descending) by any of these columns.
30038 0092
0112 0073 0050
0030 0003 0074 0053 0111 0002 0047 0087 0109 0089 0079
0025 0052 0041 0083 0114 0077 0107 0116 0069 0090 0075 0026
0017 0005 0009 0048 0006 0045 0125 0117 0118 0115 0119 0121
0022 0068 0007 0021 0039 0101 0059 0099 0104 0108 0120 0110
0004 0015 0018 0011 0020 0060 0051 0097 0103 0106 0076 0082
0001 0042 0054 0078 0095 0096 0085 0098 0102 0071 0081
0031 0033 0061 0057 0064 0012 0063 0124 0070 0091 0084 0072
0016 0014 0029 0019 0034 0046 0122 0093 0094 0055 0113 0080 0023
0024 0028 0032 0036 0013 0040 0044 0058 0123 0067 0105 0062 0065
0010 0027 0035 0066 0008 0043 0126 0056 0049 0086 0100 0088 0037
FIG. 3. Visual display of the different lengths of the (2,2) waveforms in this first delivery of 126 simulations in the RIT Catalog.
Each row of waveforms spans ∼22700M of simulation time from edge to edge, with each tic mark denoting 500M .
The initial waveform frequency, denoted by Mf22,start
in the table gives the starting frequency in units of 2.03×
105
(
M
M
)
Hz, where M is the mass of the binary and M
is one solar mass (e.g., Mf22,start = 0.01 corresponds to
34 Hz for a 60 M binary). Note that 2pif22 = ω22. The
runs in the catalog span initial frequencies from 0.003 to
0.012, with a corresponding initial proper separations of
10.59M to 25.18M. Times from the start of the simulation
to merger range from 556M to 19 219M, and the number
of inspiral cycles in the (` = 2,m = 2) mode of ψ4 range
from 8.3 to 89.9.
Resolutions are given in terms of the gridspacing of the
refinement level where the waveform is extracted (which
is typically two refinement levels below the coarsest grid)
with Robs ∼ 100M . We use the notation nXYY, where
the gridspacing in the wavezone is given by M/X.YY,
e.g., n120 corresponds to h = M/1.2.
For each simulation in the catalog there are two files:
one contains the metadata information in ASCII format,
the other is a tar.gz file containing ASCII files with the
(` = 2,m = ±2) modes of rψ4 (extrapolated to r =∞).
Note that our catalog provides the Weyl scalar rψ4
extrapolated to infinity rather than the strain hˆ. We
leave to the user to convert rψ4 to strain (e.g., along the
lines of the method delineated in the NRAR collaboration
[26], for instance).
Figure 2 shows the distribution of the 120 non-
precessing runs in the catalog in terms of χ1,2 and q (χ
here is the L or z-component of the dimensionless spin).
IV. CONCLUSIONS AND DISCUSSION
The breakthroughs [1–3] in numerical relativity were
instrumental in identifying the first detection of gravi-
tational waves [4] with the merger of two black holes.
The direct comparison of numerical waveforms with ob-
servations also allows one to determine the parameters
of such binary [8]. The current catalog of waveforms as
displayed in Fig. 3 can be used to perform independent
analysis by the wider gravitational wave community and
serves as a platform to deliver new sets of simulations as
they become available.
Aside the interest in producing waveforms for direct
comparison with observation, the simulations of orbit-
ing black hole binaries produce information about the
final remnant of the merger of the two holes. This was
already the subject of early studies using the Lazarus ap-
proach [51, 52]. With the advent of the breakthroughs
that allowed for longer accurate computations, numer-
ous empirical formulas relating the initial parameters
(q, ~χ1, ~χ2) (individual masses and spins) of the binary
to those of the final remnant (mf , ~χf , ~Vf ) have been pro-
posed. These include formulas for the final mass, spin,
and recoil velocity [47, 53–59], as well as algebraic prop-
erties of the final metric [60, 61]. Recently, the com-
putation of the peak luminosity has also been the sub-
ject of interest in relation to the observation of gravi-
tational waves [4, 7, 36, 62]. The data in RIT catalog,
along with the SXS [27] and Georgia Tech. [28], can be
used by other groups to develop and improve new em-
pirical formulas for the remnant properties and approxi-
4mate/phenomenological waveform models [63, 64].
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